The contractile history of muscle can potentiate electrically evoked force production. A link to voluntary force production, related in part to an increase in reflex excitability, has been suggested. Purpose: Our purpose was to quantify the effect of postactivation potentiation on voluntary force production and spinal H-reflex excitability during explosive plantar flexion actions. Methods: Plantar flexor twitch torque, soleus H-reflex amplitudes, and the rate of force development of explosive plantar flexion were measured before and after 4 separate conditioning trials (3 × 5 s maximal contractions). Results: Twitch torque and rate of force production during voluntary explosive plantar flexion were significantly increased (P < .05) while H-reflex amplitudes remained unchanged. Although twitch torque was significantly higher after conditioning, leading to a small increase in the rate of voluntary force production, this was unrelated to changes in reflex excitability.
Prior activation of skeletal muscle can facilitate electrically evoked twitch force via a phenomenon known as postactivation potentiation (PAP). 1 PAP has generally been measured as an increase in muscle twitch force (for a detailed review, see Sale 2 ) or H-reflex amplitude (considered to reflect neural excitability) following some form of prior contraction. 3, 4 In addition to enhancing peak twitch force, 1, [5] [6] [7] [8] [9] increases in the rate of twitch force development and the time to peak twitch force 5 have also been found. This latter effect, known commonly as twitch potentiation, is a well established and reproducible phenomenon, although its functional relevance to human motor performance has not been determined. The research investigating a link between PAP and volitional motor unit activation has been generally inconclusive. 3, 7, 10 Although the functional application has remained uncertain, evidence suggests that voluntary force production could be affected by twitch potentiation. 2 For example, twitch potentiation has been found to increase the rate of force development of isometric contraction at high stimulation frequencies ( >100 Hz 5, 11 ) comparable to those observed during voluntary ballistic muscle actions. 12 It has been postulated that an increase in the rate of force development should increase peak velocity and power during the performance of dynamic muscle contractions. 7 However, the effect of twitch potentiation on voluntary force production is yet to be experimentally confirmed. Even in applied movement studies investigating the effects of maximal or near-maximal preloading exercise on subsequent mechanical power performances, such as vertical jump height and the rate of force development in an explosive movement, the findings have been equivocal. 7, 10, [13] [14] [15] [16] [17] Based on the suggestion that postactivation potentiation has an underlying neural basis, 3, 4 changes in H-reflex amplitude have also been used to study the effects of contractile history on the neural response. H-reflex amplitude has been found to be either reduced or increased after voluntary contraction. Reduced H-reflex amplitude can occur immediately after contraction and can last from 10 to 60 seconds [18] [19] [20] or even up to several minutes. 3, 4 However, an increase in H-reflex amplitude after maximal voluntary activation has also been found but the studies are subject to methodological limitations, including a lack of standardized procedures related to posture during measurement of the H-reflex, normalization of the H-reflex, and control of background EMG. 3, 4 Any relationship between possible increases in H-reflex excitability and force production are consequently uncertain and any training or performance strategies based on such a relationship would appear to be premature.
Therefore, the primary purpose of this study was to examine the acute effect of maximal voluntary contractions on H-reflex amplitudes in the soleus (SOL) and lateral gastrocnemius (LG) muscles under controlled conditions. In addition, the temporal profiles of plantar flexor twitch torque and voluntary explosive isometric plantar flexion force development were measured. It was hypothesized that postactivation potentiation would result in an increase in H-reflex excitability accompanied by an increase in twitch potentiation. These changes would reflect PAP, which would result in an enhanced rate of voluntary force production.
Methods

Subjects
Thirteen trained male subjects with no known neurological or orthopedic pathologies volunteered to participate in the study (body weight 86.1 ± 9.6 kg, height 179 ± 5 cm, age 23.5 ± 2.4 years, means ± SD). A trained subject was defined as having at least 2 years of experience with heavy lower body resistance training and/or playing a sport (eg, volleyball) at the interuniversity level or above that required the repeated performance of explosive plantar flexion. The dominant lower extremity was determined by asking participants which leg they preferred to use when kicking a ball. Subjects were instructed to refrain from caffeine consumption or intense lower body exercise 24 hours before data collection. Written consent explaining the purpose and possible risks associated with the study was obtained from all subjects using a protocol approved by the University of Victoria Research Human Ethics Committee.
Experimental Design
The protocols were devised to quantify the temporal profile of PAP, as measured by evoked isometric twitches, and neural excitability as reflected by changes in H-reflex amplitude. The effect of PAP on the rate of volitional force development was then assessed from explosive isometric plantar flexions. An experimental session was approximately 2.5 hours and consisted of a 5-minute cycling warm up, the collection of an M-H recruitment curve, and 4 experimental trials. These were performed in random order and separated by a 15-minute rest period. Each of the 4 experimental trials required an initial performance of 3 maximal voluntary isometric contractions (MVICs) of 5-second duration, with a 55-second recovery interval between successive MVICs. Subsequently, twitch responses, H-reflexes, and explosive plantar flexions were recorded. To assess any potential effects of the explosive plantar flexions on the twitch and H-reflex measures, serial twitch and H-reflex measurements were obtained with (EXP) and without (CON) the explosive plantar flexions.
Apparatus
Subjects were seated in a chair with their back supported with hip, knee, and ankle angles set at approximately 90°, 150 °, and 90°, respectively, for all measurements. Restraints were placed around the foot to minimize movement. The behavioral state and posture of the subjects were held as consistently as possible during all trials and measurements to control for task dependency of reflex modulation. 21, 22 Environmental conditions were controlled as much as possible for all four testing sessions.
Electromyography and H-reflex Measurements
The skin over muscle bellies of lateral gastrocnemius (LG), soleus (SOL), and tibialis anterior (TA) were cleansed with rubbing alcohol swabs and disposable 1-cm surface EMG electrodes (Thought Technologies Ltd.) were applied in a bipolar configuration with a 3-cm interelectrode distance. Ground electrodes for EMG recordings were placed on bony landmarks near the selected muscles. EMG recordings were preamplified and band pass filtered at 100 to 300 Hz (P511 Grass Instruments, AstroMed Inc.). Soleus H-reflexes were evoked by stimulating the posterior tibial nerve at the popliteal fossa with 1-millisecond square wave pulses using bipolar surface electrodes and using a Grass S88 stimulator (Grass Instruments, AstroMed Inc.) connected in series with a SIU5 isolator and a CCU1 constant current unit. Applied stimulation current was measured using a mA-2000 Noncontact Milliammeter (Bell Technologies, Orlando, FL). Nerve stimulation was delivered pseudo randomly between 2 and 3 seconds apart during all trials. The main criteria for electrode placement were threshold M-wave and H-reflexes of consistent shape in the SOL. Once localized, an H-reflex and M-response recruitment curve was obtained by progressively increasing the amplitude of the current pulses until a maximum H-wave and then a maximum M-wave were obtained.
M-H recruitment curves (n = 50 sweeps) were obtained for each subject immediately following the warm up. The nerve was localized by the electrode placement which produced a muscle twitch response with the lowest amplitude current pulse. Subjects were instructed to maintain a constant level of background EMG (approx. 5% of maximum) throughout all H-reflex data collection. EMG levels were visually provided on an oscilloscope. The test reflex intensity was selected to produce a small M-wave and an H-reflex of approximately 50% M max on the ascending limb of the recruitment curve. Before performing the conditioning MVICs, subjects received 10 stimuli at the selected intensity (approximately 10% to 15% of M max ).
Subjects then performed the conditioning exercise consisting of the three 5-second MVICs separated by 55-second rest intervals. For the control trial (CONh) the H-reflex was elicited in the same manner as preconditioning protocol and recorded after the first MVIC (IC1) and second MVIC (IC2), interconditioning periods, after the last MVIC at 15-second, 60-second, and then at 1-minute intervals for the remainder of the 11-minute postconditioning period. Subjects remained in the seated position throughout the pre-and postconditioning periods. In the experimental trial (EXPh), the same protocol was followed as in the CONh but the subjects also performed a series of 3 explosive plantar flexions, each separated by 2 seconds.
The H-reflex and evoked M-response for each stimulation were analyzed for peak-to-peak amplitude. All M-H recruitment curves used a 70-millisecond sweep with a 20-millisecond pre stimulus window. To compare the pre-and postconditioning H-reflex amplitudes, data were blocked into preconditioning control trials (10 sweeps lasting approx. 1 to 2 minutes) and in 1-minute blocks of trials (8-9 sweeps) during the inter-and postconditioning period. A sweep was deleted from further analysis if it occurred when background EMG levels deviated from control levels by ± 5%. Data were normalized by dividing the H-reflex amplitude by the corresponding-in-time maximum M-wave (M max ) amplitude obtained during the isometric twitch trials.
Muscle Twitch Measurements
A control maximal twitch response in the plantar flexors was identified by delivering a series of single stimuli of increasing intensity until a plateau of twitch torque and M-wave amplitude was observed. This intensity was recorded and used for subsequent pre-and postconditioning twitch responses evoked during the two trials. A baseline maximal twitch stimulation was obtained immediately before the conditioning MVICs. In one trial maximum twitches were evoked again immediately following each MVIC (IC1 and IC2), at 15, and 30 seconds following the third preconditioning MVIC and then at 30-second intervals for the remainder of the 11-minute recording period (CONt). The second trial followed the same temporal pattern as CONt but required the subjects to also perform a series of 3 explosive plantar flexions (EXPt) following collection of the twitch characteristics.
Voluntary Isometric Force
Voluntary isometric torque values were measured by a load cell (Omegadyne Ltd. Model 101 to 500, range 0 to 226.7 kg) and amplified by a custom-made high gain amplifier system. The force was displayed using custom built continuous acquisition software utilizing LABVIEW. Plantar flexion force was consistently applied with a moment arm length of 0.15 m (measured from the adjustable heel block to the center of the strain gauge). The RFD of the explosive plantar flexions was evaluated in 3 ways: time to peak force (T peak ); the average RFD (RFD avg ) derived from the average slope of the moment-time curve over 5 equal time intervals and differentiated relative to the onset of force and T peak ; and the RFD measured in discrete time intervals of 0 to 30, 0 to 60, 0 to 90, 0 to 120, and 0 to 150 milliseconds, from the onset of contraction. All data were analyzed off-line using a custom LABVIEW data acquisition program. Data were sampled at 2000 Hz with a 12-bit A/D converter controlled by the LABVIEW program.
Statistics
A one-way ANOVA with repeated measures over time was employed to analyze pre-and postconditioning values for P t , H-reflex amplitude, and the RFD of explosive plantar flexions. Tukey's post hoc comparisons were used to compare each postconditioning value to preconditioning values when significant F values occurred. The alpha level was set at P < .05.
Results
Twitch Contractile Properties
As shown in Figure 1A , there were no significant differences in preconditioning twitch peak torques (P t ) between CONt and EXPt, indicating that the 15-minute rest interval between trials was sufficient for a return to resting twitch conditions. There were also no significant differences in M max amplitude between CONt and EXPt (5.52 mV and 5.18 mV, respectively). There were, however, significant (P < .05) differences between pre-and post-P t values for both the CONt and EXPt. Tukey's post hoc comparison revealed significant differences between pre-and IC1, IC2, 2 seconds, 15 seconds for CONt (P < .05) and between pre-and IC2, 2 seconds, 30 seconds and 90 seconds for the EXPt trials (P < .05). These differences are indicated by the asterisks in Figure 1A . Figure 1B shows the twitch responses as percent change from control PRE values. P t values were highest at 2 seconds following the conditioning activity in CONt (20.7%) and at 30 seconds in EXPt (18.8%). A significant (P < .01) difference was also found between postconditioning P t values in CONt and EXPt. This suggests that the performance of voluntary explosive plantar flexions interspersed with twitch stimulations (EXPt trials) caused an increase in twitch potentiation compared with the same stimulations during CONt. There was no significant difference between pre-and postconditioning normalized M max values for CONt; however, there was a significant difference (P < .05) during EXPt (see Table 1 ).
Voluntary Rate of Force Production
There were no significant differences in RFD avg for either EXPt or EXPh. A significant decrease (P < .05) was found in mean voluntary T peak in EXPt at 420 seconds postconditioning accompanied by variable responses in T peak throughout the postconditioning period. There were no significant differences in T peak in EXPh. Significant differences were found in mean explosive plantar flexion RFD when analyzed by discrete time intervals (P < .05). These differences, which did not have a discernible pattern, are indicated by asterisks for each time interval measured on Figure 2 A (EXPt) and B (EXPh).
H-reflex Measurements
SOL H-reflex and corresponding M-wave amplitudes demonstrated a trend of initial depression postconditioning, but this effect failed to reach statistical significance (see Figure 3 ). There were no significant differences in SOL pre-and postconditioning H-reflex amplitude in either CONh or EXPh trials. There were also no significant differences in absolute or normalized M-wave amplitude (direct motor response accompanying H-reflex). For the LG H-reflex data were only obtained in 5 subjects and used for data analysis. The results were the same as the SOL in that there were no statistically significant differences between the pre-and postconditioning values. Further, there were no significant differences in either M-wave or H-reflex values between CONh and EXPh trials. An ANOVA revealed no significant difference in TA activation within subjects across all H-reflex trials; therefore antagonist muscle activity did not affect H-reflex recordings. 
Discussion
There were two major finding in this study. Significant postactivation potentiation was induced following a series of 3 MVICs as indicated by the increase in plantar flexion twitch torque. However, there was no change in H-reflex amplitude suggesting that PAP resides physiologically in the muscle, probably as a result of increased phosphorylation of regulatory myosin light chains. There was some effect of potentiation on RFD when measured in the discrete time intervals but not when measured as RFD avg .
Effect of PAP on Muscle Twitch Force
P t increased significantly in both CONt and EXPt trials following performance of the conditioning activity indicating that the muscle was potentiated. Consistent with other studies, P t values were highest immediately following the MVICs, remained significantly elevated up to approximately 1 minute postconditioning, and then quickly returned to baseline or preconditioning levels. 1, 8 This increase, commonly referred to as twitch potentiation, has been ascribed to events localized within the muscle, specifically the phosphorylation of myosin regulatory light chains, which renders the actin-myosin interaction more sensitive to Ca 2+ released from the sarcoplasmic reticulum. 23 In addition to the significant increase in P t postconditioning, the current study demonstrated a significant increase in P t in EXPt trials when compared with the values found during the CONt trials. Our findings show that during the EXPt trials performing the planter flexions was sufficient to maintain a significantly higher level of P t throughout the course of the postconditioning period. This event, referred to as the mobilization of the PAP mechanism, 2 has also been found for dynamic kicks following a 10-second maximal voluntary leg extension. 7 It remains to be determined whether this effect has any substantial influence on motor performance.
In addition to increasing peak twitch force, postactivation has been shown to increase the isometric rate of force development of an electrically evoked twitch. 5 It has been suggested that the increase in RFD may produce an increase in voluntarily performed explosive movements. However, we did not find any significant increase in T peak or RFD avg for any of the 4 experimental trials following the conditioning activity. A significant effect was found only when the force profile of the explosive plantar flexions were analyzed in discrete units of time (30, 60, 90, 120, 150 milliseconds). 
Effects of PAP Are Unrelated to Spinal Reflex Excitability
The results of the current study revealed no significant effect of contractile history on SOL or LG H-reflex. These findings differ from several other studies which found an initial depression of H-reflex amplitude following the conditioning activity 3, 4, 18, 20 and a subsequent increased H-reflex response from 4 to 11 minutes postexercise. 3, 4 The reasons for the different findings are possibly related to a number of methodological differences between the studies. Previous studies have used tetanic electrical stimulation greater than 100 Hz as the preconditioning activity. The conditioning activity used in the current study was selected on the assumption that it would reflect the recruitment of high threshold motor units which would produce both postactivation potentiation as well as an increase in H-reflex excitability. 24, 25 It has also been suggested that repetitive bouts of a maximal effort exercise may produce continuous descending inhibitory input to the interneurons controlling presynaptic inhibition (PSI) of the Ia afferent fibers. 4 One study used a single repetition of a 5-second MVIC, 18 another employed 5 repetitions of an MVIC, 3 whereas another study used a cyclic, plantar flexion-to-dorsiflexion movement. 4 Therefore, it is possible that the different conditioning activities may account for some of the discrepancies in the results. However, the more likely explanation for the differences in findings is related to the measurement and normalization of the H-reflexes. 3, 4, 18 H-reflexes in the current study were evoked upon a background level of muscle activation of approximately 5% of MVIC EMG levels. In contrast, the other studies evoked H-reflexes while the target muscle was electromyographically silent. It has been recommended that, whenever possible, the H-reflex should be evoked upon a tonic level of background muscle activity. 22 A background level of muscle activation controls for the relative state of depolarization of the motoneuron pool which is unknown at rest. This type of low level contraction has additionally been shown to reduce the variability H-reflex amplitude. 26, 27 To account for time-dependent or movement-dependent changes it is suggested H-reflex amplitude be normalized to M max 22, 28 as applied in the current study. Previous studies that have demonstrated a potentiated reflex response did not apply this normalization to their data which could have contributed to the differences in results. 3, 4 Other methodological differences between this and previous studies include the duration of the postconditioning recording period 18 and the predominant muscle of interest.
3,4 A significant potentiated reflex response was only observed in the LG muscle in the Trimble and Harp 4 and Gullich and Schmidtbliecher 3 studies. H-reflexes in the current study were elicited primarily in the SOL muscle due to the ease and reliability of the reflex responses. Concurrent H-reflexes in the LG of 5 subjects were obtained. However, results in LG were similar to that of the SOL in that the postconditioning H-reflexes did not show any significant deviations from control values unlike the findings of other studies. 3, 4 There are also issues related to individual subject differences that may exist within and between studies, such as training history, 3 fiber composition 8 as well as positive and negative responders, 4, 10 all of which may account for some of the equivocal findings. A number of studies have investigated the effect of a maximal or near-maximal series of resistance exercises on subsequent measures of motor performance or mechanical power output and have yielded equivocal results. 7, 10, [13] [14] [15] [16] [17] However, most of these studies did not actually incorporate measures of PAP and inferred that PAP had occurred. Only three studies 3, 7, 10 have provided concurrent physiological measures of PAP in addition to the performance of a motor task to ensure PAP had been induced and to identify the possible mechanisms that may account for the increase in volitional force production. Gossen and Sale 7 found no change in peak velocity during dynamic leg extensions after twitch potentiation had been induced with a 10-second MVC. In fact, their results found that fatigue produced by the 10-second MVC suppressed any potential benefit that could be derived from the induced twitch potentiation. A recent study by Smith and Fry, 10 designed to extend the results of Gossen and Sale 7 with the use of a longer recovery period, also reported no increases in force, velocity, or power with a 70% 1RM load during dynamic leg extensions after PAP had been induced with a 10-second MVC. The results of the current study support the finding of other studies, 1,5-10 that postactivation potentiation effects are generally found in electrically evoked conditions with more minor effects on RFD of voluntary explosive contractions that are unrelated to neural excitability. It is recommended that future studies examining the functional implications of PAP include some measure of PAP to ensure the contractile history has induced muscle potentiation.
Practical Applications
From an applied perspective our findings suggest that the effect of PAP on volitional force production may be rather small and have limited effects on performance or training techniques that attempt to use PAP as a stimulus. However, the functional implications of PAP for training or performance still need further research.
Conclusions
The current study demonstrated a significant increase in muscle twitch force following a conditioning series of maximal voluntary isometric contractions which elicited minor increases in RFD, as measured in discrete time periods, during explosive isometric plantar flexions. There was no effect of the preconditioning MVICs on voluntary peak torque, RFD avg , or H-reflex. The rigorous methodological controls that were implemented in this study, to ensure valid H-reflex measurements, suggest that the postactivation phenomenon is dissociated from reflex excitability and resides peripherally at the level of the muscle. The effect is likely due to physiological events localized within the muscle, such as the phosphorylation of myosin regulatory light chains. 2, 21 Additional research is required to identify any functional role of PAP in voluntary motor performance.
